
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 1

1:
47

:4
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Hypervalent chal
aSchool of Chemistry, University of Bristol

E-mail: mukulmahanti@gmail.com; m.c.gal
bDepartment of Chemistry and Pharmace

Molecular and Life Sciences (AIMMS), Vrij

1108, 1081 HZ Amsterdam, The Netherland

Cite this: Chem. Sci., 2026, 17, 4991

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 11th September 2025
Accepted 7th January 2026

DOI: 10.1039/d5sc07018j

rsc.li/chemical-science

© 2026 The Author(s). Published by
cogenonium organocatalysis for
the direct stereoselective synthesis of
deoxyglycosides from hemiacetals

Jennifer Johns, a Mukul Mahanti, *a Thomas Hansen *b

and M. Carmen Galan *a

Lewis acids are frequently used as catalysts in glycosylation reactions, however these reagents often suffer

from significant limitations such as sensitivity to moisture and poor stereocontrol. Chalcogenonium

catalysts have recently emerged as a new class of catalysts with improved Lewis acidity and stability.

Here we describe a proof of concept study of the use of 1,2-oxaselenonium salts as effective

organocatalysts for the direct and stereoselective dehydrative glycosylation with 1-hydroxy

carbohydrates to give deoxyglycosides. The reaction is high yielding, stereoselective and amenable to

a wide range of nucleophiles, including primary, secondary and tertiary alcohols and thiols. Experimental

and computational mechanistic investigations suggest that the reaction proceeds through a cooperative

mechanism involving the hemiacetal donor, acceptor, and catalyst. In this process, the Lewis acidic

selenonium catalyst activates the donor, while the incoming alcohol nucleophile engages in a stabilizing

hydrogen-bond interaction with the chalcogenonium triflate counterion. DFT calculations suggest

a loose SN2-like transition state with a high degree of oxocarbenium ion character, reminiscent of the

mechanism observed for glycosyl-modifying enzymes. The methodology is exemplified on the

stereoselective synthesis of a tetrasaccharide in 52% yield.
Introduction

The controlled assembly of complex oligosaccharides and gly-
coconjugates from monosaccharide precursors, which play
a myriad of biological roles in all life processes,1,2 is essential to
advance the frontiers of glycobiology research.3–6 A crucial step
in carbohydrate synthesis is the formation of the glycosidic
bond. Most chemical approaches rely on the introduction of
a latent leaving group at the anomeric position, which can be
activated in the presence of a nucleophile acceptor to undergo
the coupling step.7,8 A less explored strategy for glycosidic bond
formation is the dehydrative coupling in which a 1-hydroxy
carbohydrate or hemiacetal can be activated directly to generate
a highly reactive species to undergo glycosylation in situ, thus
potentially leading to a more efficient process.9,10 However, lack
of control over the reversibility of the reaction, which in the
absence of an excess of nucleophile can lead to incomplete
reactions or hemiacetal donor dimerization via self-
coupling,11,12 has limited its broad utility.
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Chiral acetals are ubiquitous in many natural products,
ranging from spiroketal polyketides to complex oligosaccha-
rides with a wide range of biological activities. 2-Deoxy-hexoses
are important components of many active natural products
such as antibiotics and anti-cancer agents (Scheme 1).13 The
absence of substituents at C-2 poses signicant synthetic chal-
lenges in directing the approach of the incoming nucleophile
during the glycosylation reaction. This has spurred efforts to
devise improved and stereoselective protocols for their
assembly.5,14–37 The direct synthesis of deoxyglycosides from an
activated electrophilic deoxy-sugar donor with a nucleophile (or
acceptor) is the most straightforward strategy and a number of
elegant approaches in recent years have been developed,4,34

including examples of dehydrative hemiacetal activation.24,37–48

We recently reported a catalytic AuCl3-catalysed dehydrative
glycosylation using hemiacetal glycosyl donors and acceptors to
access 1,1-a,a0-linked 2-deoxy trehalose analogues with high
stereoselectivity (Scheme 1).49 Although glycosylation with
primary OH nucleophiles was also possible, lower yields (10–
20%) of the desired 2-deoxy glycoside products were observed
with less reactive secondary alcohols due to competitive
dimerization of the donor, even when an excess of the alcohol
was used. These ndings prompted us to investigate more
efficient catalysts capable of modulating the activation of the
hemiacetal donor and reactivity of the incoming nucleophile to
yield 2-deoxyglycosides more efficiently.
Chem. Sci., 2026, 17, 4991–4997 | 4991
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Scheme 1 Examples of deoxyglycoside-containing natural products.
Previous work: Au(III) activation of hemiacetal donors; current work:
chalcogenonium activation of hemiacetal donors. For a comprehen-
sive review on hemiacetal activation see ref. 2 and 3.

Scheme 2 Catalyst screen for the glycosylation reaction with hemi-
acetal 2a with 3a. Conversion as determined by 1H-NMR shown in
brackets; aisolated yield; NR = No reaction.
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Organoselenium chemistry has undergone rapid growth in
the last few decades due to the increasing applications in
organic synthesis.50–53 Chalcogen bonding (ChB)-catalysis has
been applied in many intermolecular or intramolecular reac-
tions,54,55 including recent elegant examples on carbohydrate
chemistry using phosphonochalcogenide catalysts.56–58 A new
class of chalcogen bond donors based on trisubstituted selen-
onium salts have emerged, exhibiting improved reactivity as
Lewis acids in electrophilic halogenations and aldol-type reac-
tions. These 1,2-oxaselenonium salts are thought to be more
Lewis acidic than the more common divalent chalcogenides
and able to catalyse reactions via unconventional seleniranium
ion-like intermediates,55 due to the more positive charge at the
chalcogen centre.55 These chalcogenonium salts can offer high
directionality (interaction angle of ca. 180°), which allows for
better control of the interaction between the catalyst and
substrate and easy tunability of the chalcogenonium bond
system. Their Lewis acidity and steric demand can be modu-
lated by the choice the substituents, moreover coordinating
counter anions occupying the s-hole of Se can also sterically
interfere with the catalytic interactions.59,60 Despite the growing
interest in the catalytic properties of organo-chalcogenonium
compounds based on group 16 elements in synthetic applica-
tions,61 there are very few examples in carbohydrate chem-
istry62,63 and no reports of electrophilic catalysts featuring
4992 | Chem. Sci., 2026, 17, 4991–4997
a reactive cationic Se centre have been reported to date. We
hypothesized that the unique reactivity of hypervalent
chalcogenonium salts could help overcome some of the current
challenges on the activation of hemiacetal donors in glycosyl-
ation reactions.
Results and discussion

The study began with the evaluation of a series of so
chalcogenonium salts (1a–1h) in a model glycosylation reaction
of tri-benzylated 2-deoxy galactosyl hemiacetal 2a64 and galac-
toside acceptor 3a in CH2Cl2 at room temperature for 6 h. As
summarized in (Scheme 2) chalcogenoniums featuring
a common Se or S centre substituted with two aryl C–Se/S bonds
and one Se/S–CH3 (1a–b) were screened. We also explored
catalysts with a Se–O rigid ring core structure (1c–1h), which
adopt a trigonal bipyramidal geometry with the cyclic selenide
occupying the trigonal plane and are generally more reac-
tive.55,59 Different counterions, exhibiting distinct metal coor-
dination abilities and hydrogen-bond acceptor characters that
can tune catalyst reactivity,52,59 were also screened. We found
that rigid selenonium triate 1e at 5 mol% catalyst loading at
room temperature in CH2Cl2 afforded optimal conversion (83%)
to the desired glycoside 4a with complete a-stereocontrol, thus
suggesting both the choice of selenonium scaffold and counter
anion have a signicant effect on the catalysis. Changing the
reaction temperature to 0 °C slowed the reaction, whilst no
signicant improvement was observed at 40 °C. Finally,
running the reaction in solvents such as acetonitrile, ethyl
acetate, dichloroethane, THF or toluene was detrimental to the
overall yield (see Tables S1–S3 in SI).

With optimized conditions in hand, we next examined the
reaction substrate scope. 1-Hydroxy 2-deoxygalactoses 2a and 2-
deoxyglucoses 2b65 and 2c66 were reacted with a range of primary
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Synthesis of trehalose analogues 9a–9h. a : b selectivities
were calculated from 1H-NMR on isolated products, yields provided
are also from isolated products.
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and secondary OH nucleophiles 3a–3n under the optimized
reaction conditions (Scheme 3). In most cases, reactions pro-
ceeded smoothly with high a-selectivity, demonstrating that the
catalytic system is tolerant of common alcohol and amine
protecting groups such as acetals, ethers, esters and carba-
mates. Glycosylation of 2-deoxygalactoses 2a, 2b, 2c or 2d with
primary alcohols such as simple alcohols 3b, 3d, 3e, 3i or
glycoside acceptors 3a, 3c and 3g and amino acid 3f afforded the
corresponding glycoside products in 43–87% yield and with
a 3 : 2 a : b to only a ratios, whilst reactions with secondary
nucleophiles such as 3i–3k and 3p or tertiary alcohols (e.g. 3l)
also afforded the desired products in good yields (41–93%) and
a-selectivity. Glycosylations with thiotoluene 3m prove to be
more challenging affording lower yields (21%) but high a-
stereocontrol. Pleasingly, reactions with 2,6 dideoxyglucoside 2f
or the less reactive 2-deoxyglucoside 2e afforded the desired
products in good yields and a-stereocontrol e.g. 6a–6c (44–87%
7 : 3 a : b to a only) and 5a–5e, 5g–5i (36–77%, 3 : 2 a : b to only
a), respectively.67 Reactions with fully oxygenated perbenzylated
or peracetylated galactoside lactols were unsuccessful.

Next, we evaluated the reactivity of the catalytic system in the
synthesis of a 1,1,-a,a0 linkage, which are oen more
Scheme 3 Substrate scope with donors 2a–f and ROH (3a–n). a :
b selectivities were calculated from 1H-NMR on isolated products,
yields provided are also from isolated products.

© 2026 The Author(s). Published by the Royal Society of Chemistry
challenging targets due to the necessary assembly of two
anomeric centres in one step in the presence of other
competing pathways.49,68,69 Reactions of either lactol 2a or 2c
with a range of hemiacetal acceptors of differing reactivity (2a,
2c, 2d–2h) proceeded smoothly to give the desired products 9a–
9e in yields of 39–75% and with complete a,a0-stereocontrol
(Scheme 4).70

Additionally, to showcase the utility of the methodology, the
sequential synthesis of tetrasaccharide 11 was performed
(Scheme 5). Glycosylation of 2b and 3c followed by three
sequential deprotection and glycosylation steps afforded tetra-
saccharide 11 in 23% overall yield and >30 : 1 a-stereoselectivity.

Preliminary 1H-NMR spectroscopy studies of mixtures of
hemiacetal 2a and selenonium 1e in CD2Cl2 showed broadening
of the catalyst protons in the aromatic region (d 8.10–7.90 and
7.75–7.55 ppm) of the catalyst and formation of the 2a-a,a0-
dimer 9b (d 5.26 ppm) as the concentration of 2a increases
(Fig. S1), suggest an interaction between the hemiacetal and the
catalyst. 1H NMR titrations of OH acceptor 3a and 1e also show
broadening of the catalyst's aromatic protons and a proton shi
for the OH signals (Fig. S2a–c). The interaction between the
catalyst and 3a is further supported by IR analysis of themixture
showing suppression of the IR alcohol stretch frequencies
(3479–3413 cm−1, Fig. S3) and a small 19F chemical shi of the
Scheme 5 Iterative synthesis of tetrasaccharide 11. a : b selectivities
were determined from 1H-NMR on isolated products, yields provided
are also from isolated products.

Chem. Sci., 2026, 17, 4991–4997 | 4993
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Scheme 6 Kinetic isotope effect: reaction of 3k or d-3kwith 2a and 2a
or d-2a with 3a in the presence of 1e. Rate constants were calculated
from initial rate measurements.

Fig. 1 1H-NMR kinetics reaction profiles for: (A) glycosylation of 2a
with 3a in the presence of 1e; (B) profile whenmodifying acceptor [3a];
(C) profile when modifying donor [2a]; (D) profile when modifying
catalyst [1e].
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uorine CF3 signals in the catalyst upon addition of the alcohol
(Fig. S2d). Whilst it is difficult to disregard the possibility of
a pi–aromatic–alcohol interactions with the OH moieties, as
reported by Pederson,71 on account of the oxyphilic nature of
chalcogenonium species55,62 and based on these initial results,
we hypothesized that the catalyst could form a complex with the
hemiacetal donor and incoming nucleophile to generate an
activated catalytic species.

To further understand the process, control reactions were
carried out between 2a and either isopropanol 3k or deuterated
isopropanol d-3k as the nucleophile, in the presence of catalyst
1e (Scheme 6 and Fig. S15). In general, reaction rates with
deuterated substrates were slower than those of non-deuterated
acceptors (rH/rD = 1.68), which suggest that breaking the O–H
bond is potentially a key step in the reaction mechanism.
Additionally, reaction rates for reactions between deuterated
lactol 2a or d-2a and 3a also showed a reaction rate difference
(rH/rD = 1.26). It is worth noting that the hemiacetal H/D could
readily exchange with the acceptor and thus any KIE observed is
likely the result of both the partially deuterated donor and
acceptor and should be taken as average values (Scheme S3 and
Fig. S16–S29 for computational data).

Interestingly, we further identied in the 1H-NMR spectra of
the model reaction between 2a and 3a (Scheme 6), a time-
dependent shi of the anomeric protons of the hemiacetal 2a
(d 5.43 ppm), and acceptor 3a (d 5.55 ppm), whereas product 4a
(d 5.50 ppm), exhibited only a minor shi. The anomeric signals
of 2a were the most affected and particular the b-hemiacetal (a-
anomer shi by 0.004 ppm, and b-anomer 0.02 ppm) (Fig. S11–
S14). We also observed the formation of H2O over the course of
the reaction.

Moreover, the reaction between 2a and 2e in the presence of
1e was monitored over time by 1H and HSQC NMR spectroscopy
(Fig. S20–S25). Exclusive formation of the a,a-trehaloside 9c was
observed, while the anomeric ratio of the unreacted 2a and 2e
remained unchanged throughout the reaction, indicating that
trehaloside product formation occurs without anomeric
equilibration.

Additional experiments with 5 mol% of non-nucleophilic
base 2,6-di-tertbutylpyridine (DTBP) added to the reaction of
2a and 3a in the presence of 1e, signicantly slows down the
4994 | Chem. Sci., 2026, 17, 4991–4997
reaction (only 28% conversion aer 24 h vs. 83% at 6 h), whilst
addition of a stoichiometric amount of the base completely
inhibited the reaction, suggesting a H+ transfer mechanism that
is disrupted by the DTBP acting as an scavenger (Scheme S4). To
further evaluate the potential role of the triic acid that could
potentially be generated during the reaction due to the catalyst
counterion, a control reaction between 2a and 3a in the pres-
ence of either 1 or 5 mol% TfOH as the sole catalyst was con-
ducted. The reaction yielded an inseparable mixture of products
in both instances, thus suggesting that although triic acid can
activate the hemiacetal donor, it is not directly responsible for
the observed reactivity (Scheme S5 and Fig. S17). Amuch weaker
acid, TFA (5 mol%), was also evaluated and gave no reaction.
Next, an a/b-mixture of disaccharide 4k subjected to the reac-
tion conditions in the absence and presence of a nucleophile
MeOH and gave no change in anomeric ratio, indicating that
the high a-selectivity is not the result of anomerisation (Scheme
S6 and Fig. S18–S19).

In order to help elucidate the reaction mechanism, kinetic
orders based on initial rates were determined by 1H-NMR by
modifying the concentrations of donor 2a, acceptor 3a and
catalyst 1e (Fig. 1, S5–S7 and Tables S5–S7). The reaction
showed rst-order kinetics with respect to the glycosyl donor
and acceptor. Moreover, we also found that the reaction rate is
dependent on the catalyst concentration, with an increase in
rate at 1.5 × [1e], followed by a decrease at higher catalyst
concentrations, likely due to catalyst aggregation17 or diversion
into alternative reaction pathways (e.g. trehaloside formation
(Fig. S1).

Having established the synthetic utility of chalcogenonium
salts as organocatalysts, we focused on understanding their
catalytic mechanism using DFT computations. The overall
lowest energy computed reaction prole for a model organo-
catalytic glycosylation reaction between a model 2-deoxy-
galactosyl hemiacetal donor (a-R/b-R), methanol acceptor 3b,
and organocatalyst 1e, with the energies relative to the separate
reactants, is summarized in Fig. 2a (see SI Fig. S26–S30 for all
computed pathways and data).72,73 We found that the two reac-
tants, a-R and b-R can interconvert efficiently via mutarotation
(highest barrier TS20: DG‡

DCM = 17.9 kcal mol−1). In agreement
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Reaction profile of organocatalytic glycosylation reactions (DGDCM in kcal mol−1) between 2-deoxy-galactosyl hemiacetal donor (a/b-
R), methanol acceptor, and organocatalyst 1e in dichloromethane. (b) Key transition state structures for the organocatalytic glycosylation
reactions (a/b-TS3) with key bond lengths (in Å). All non-polar hydrogens are omitted for clarity reasons. Atom colours: carbon (grey), fluorine
(green), hydrogen (white), oxygen (red), selenium (orange), and sulfur (yellow). Computed at COSMO(DCM)-ZORA-BLYP-BJ(D3)/TZ2P.
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with the experimentally observed a-selectivity, the hemiacetal b-
R reacts with a lower barrier (a-TS3:DDG‡

DCM=−2.6 kcal mol−1)
than a-R with MeOH catalysed by 1e to product P.74 In both
transition states (Fig. 2b), the OH leaving group of the hemi-
acetal interacts with the selenium center (Se+) of catalyst 1e,
thereby enhancing its leaving group capability. Upon addition
of the nucleophile OH, the triate counter ion (TfO−) stabilizes
the proton of the incoming alcohol acceptor. Importantly, this
interaction is not unique to the triate counterion, as other
computed anions (e.g. ClO4

−, see SI Fig. S24) exhibit similar
behaviour.

These SN2-like transition states are consistent with experi-
mental kinetic data, showing concentration dependence on the
catalyst, donor, and acceptor. Furthermore, the involvement of
a key proton transfer step in the rate-determining transition
state, as found by kinetic isotope effect (KIE) experiments, is
consistent with the computed mechanism. Consistent with the
kinetic preference of the reaction, a-P is also thermodynami-
cally more stable than b-P by 1.2 kcal mol−1. Notably, an SN1
pathway proceeding via the 2-deoxygalactosyl oxonium ion
(DG‡

DCM = 22.0 kcal mol−1) could represent a viable competing
mechanism. It is worth noting that galactosyl oxonium ions
have been associated with highly a-selective reactions.75,76

However, this route is higher in energy than both SN2 pathways
and is not supported by our kinetic data. It is also plausible that
in the absence of an available OH glycosyl acceptor, the acti-
vated 1-OH hemiacetal can also act as the nucleophile as evi-
denced by the NMR titration data (Fig. S1) to give the observed
trehalosides, albeit this is a much slower process as per our
calculations and experimental results.
Scheme 7 Proposed mechanism for the studied chalcogenonium
catalyzed glycosylation reactions.
Conclusions

In conclusion, we have described the rst application of
trisubstituted selenonium salts for the direct stereoselective
synthesis of deoxyglycosides directly from hemiacetals, obvi-
ating the need for anomeric functionalization. The reaction
© 2026 The Author(s). Published by the Royal Society of Chemistry
conditions are mild, compatible with most common protecting
groups and are demonstrated to be effective in the iterative
synthesis of a tetrasaccharide in 52% overall yield. Improving
on previous methods, primary, secondary and tertiary alcohols
can all be utilized to afford a range of a-glycoside products.
Based on experimental and computational evidence, we invoke
a stepwise mechanism (Scheme 7), in which the glycosyl donor,
acceptor and the catalyst are participants in the rate-limiting
step. We propose that upon the catalytic activation of the
hemiacetal donor, a chalcogonenium complex, TS3 (II), is
formed in situ and features a stabilizing hydrogen bond
Chem. Sci., 2026, 17, 4991–4997 | 4995
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interaction between the incoming alcohol nucleophile and the
chalcogenonium triate,77 to help promote the key H+ transfer
step to yield the product with high stereocontrol. DFT calcula-
tions suggest that both SN2 and SN1-type pathways are feasible
suggesting a loose SN2-like transition state with a high degree of
oxocarbenium ion character, reminiscent of the mechanism
observed for glycosyl-modifying enzymes.78,79

This study opens new avenues for developing mild non-
metallic catalysis for the stereoselective synthesis of complex
glycosides and highlights the potential of chalcogenonium salts
as a new class of catalysts for challenging glycosylation
chemistry.
Methods section

Hemiacetal donors 2a–2d (∼20–100 mg, 1.3 eq.) and acceptors
3a–3n (1.0 eq.) were added to amicrowave tube or round bottom
ask depending on scale and placed under N2 and anhydrous
CH2Cl2 (1 mL solvent per 10 mg of donor) was added to dissolve
the substrates. 5 mol% of catalyst 1e was then added, and the
mixture was stirred until the reaction was deemed to be
complete by TLC, aer which the reaction mixture was
concentrated under reduced pressure and the crude products
were puried using silica gel ash column chromatography. For
specic details for each substrate and full characterization, see
SI.
Author contributions

JJ, MM, and TH: investigation, methodology, formal analysis.
MM andMCG: conceptualization. JJ, MM, TH andMCG: writing
– review & editing, visualization. MCG and TH resources, project
administration, funding acquisition, formal analysis, project
administration, direct lab supervision and data validation.
Conflicts of interest

There are no conicts to declare.
Data availability

The data supporting this article have been included as part of
the supplementary information (SI). This includes synthetic
and computational protocols and characterization data for all
compounds, including NMR spectra. Supplementary informa-
tion is available. See DOI: https://doi.org/10.1039/d5sc07018j.
Acknowledgements

The authors thank Cancer Research UK (grant number C30758/
A2979 to M. C. G.), EPSRC GCRF (EP/T020288/1 and EP/
S026215/1 to M. C. G.) and Nederlandse Organisatie voor
Wetenschappelijk Onderzoek (OCENW.M.24.065 to T. H.). J. J.
thanks the EPSRC TECS CDT EP/S024107/1 for a PhD
scholarship.
4996 | Chem. Sci., 2026, 17, 4991–4997
Notes and references

1 M. C. Galan, D. Benito-Alifonso and G. M. Watt, Org. Biomol.
Chem., 2011, 9, 3598–3610.

2 S. I. Elshahawi, K. A. Shaaban, M. K. Kharel and
J. S. Thorson, Chem. Soc. Rev., 2015, 44, 7591–7697.

3 M. Panza, S. G. Pistorio, K. J. Stine and A. V. Demchenko,
Chem. Rev., 2018, 118, 8105–8150.

4 C. S. Bennett and M. C. Galan, Chem. Rev., 2018, 118, 7931–
7985.

5 R. Williams and M. C. Galan, Eur. J. Org Chem., 2017, 6247–
6264.

6 J. Ling and C. S. Bennett, Asian J. Org. Chem., 2019, 8, 802–
813.

7 S. S. Kulkarni, C.-C. Wang, N. M. Sabbavarapu,
A. R. Podilapu, P.-H. Liao and S.-C. Hung, Chem. Rev.,
2018, 118, 8025–8104.

8 A. V. Demchenko, in Handbook of Chemical Glycosylation,
Wiley-VCH Verlag GmbH & Co. KGaA, 2008, pp. 1–27, DOI:
10.1002/9783527621644.ch1.

9 M. M. Nielsen and C. M. Pedersen, Chem. Rev., 2018, 118,
8285–8358.

10 S. Kaeothip and A. V. Demchenko, Carbohydr. Res., 2011,
346, 1371–1388.

11 E. Fischer, Ber. Dtsch. Chem. Ges., 1893, 26, 2400–2412.
12 S. O'Neill, J. Rodriguez and M. A. Walczak, Chem. Asian J.,

2018, 13, 2978–2990.
13 M. K. Kharel, P. Pahari, M. D. Shepherd, N. Tibrewal,

S. E. Nybo, K. A. Shaaban and J. Rohr, Nat. Prod. Rep.,
2012, 29, 264–325.

14 S. Medina andM. C. Galan, Carbohydr. Chem., 2016, 41, 59–89.
15 D. Benito-Alifonso and M. C. Galan, in Selective

Glycosylations: Synthetic Methods and Catalysis, ed. C. E.
Bennett, 2017, ch. 8, pp. 155–171.

16 J. Zeng, Y. Xu, H. Wang, L. K. Meng and Q. Wan, Sci. China
Chem., 2017, 60, 1162–1179.

17 C. S. Bennett and M. C. Galan, Chem. Rev., 2018, 118, 7931.
18 T. M. Beale, P. J. Moon and M. S. Taylor, Org. Lett., 2014, 16,

3604–3607.
19 H. Wang, J. Y. Tao, X. P. Cai, W. Chen, Y. Q. Zhao, Y. Xu,

W. Yao, J. Zeng and Q. Wan, Chem.–Eur. J., 2014, 20,
17319–17323.

20 D. Y. Zhu, K. N. Baryal, S. Adhikari and J. L. Zhu, J. Am. Chem.
Soc., 2014, 136, 3172–3175.

21 M. Kaneko and S. B. Herzon, Org. Lett., 2014, 16, 2776–2779.
22 T. K. Pradhan and K. K. T. Mong, Isr. J. Chem., 2015, 55, 285–296.
23 S. Das, D. Pekel, J. M. Neudor and A. Berkessel, Angew.

Chem., Int. Ed., 2015, 54, 12479–12483.
24 J. M. Nogueira, M. Bylsma, D. K. Bright and C. S. Bennett,

Angew. Chem., Int. Ed., 2016, 55, 10088–10092.
25 W. Z. Song, S. J. Wang and W. P. Tang, Chem. Asian J., 2017,

12, 1027–1042.
26 G. Y. Zhao and T. Wang, Angew. Chem., Int. Ed., 2018, 57,

6120–6124.
27 S. E. Soliman and C. S. Bennett, Org. Lett., 2018, 20, 3413–

3417.
© 2026 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1039/d5sc07018j
https://doi.org/10.1002/9783527621644.ch1
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc07018j


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 1

1:
47

:4
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
28 D. Lloyd and C. S. Bennett, Chem.–Eur. J., 2018, 24, 7610–7614.
29 G. A. Bradshaw, A. C. Colgan, N. P. Allen, I. Pongener,

M. B. Boland, Y. Ortin and E. M. McGarrigle, Chem. Sci.,
2019, 10, 508–514.

30 A. Sau, C. Palo-Nieto andM. C. Galan, J. Org. Chem., 2019, 84,
2415.

31 C. Palo-Nieto, A. Sau, R. Williams and M. C. Galan, J. Org.
Chem., 2017, 82, 407–414.

32 R. J. Beattie, T. W. Hornsby, G. Craig, M. C. Galan and
C. L. Willis, Chem. Sci., 2016, 7, 2743–2747.

33 S. Medina, A. S. Henderson, J. F. Bower and M. C. Galan,
Chem. Commun., 2015, 51, 8939–8941.

34 S. Meng, X. Li and J. Zhu, Tetrahedron, 2021, 88, 132140.
35 A. Borovika and P. Nagorny, J. Carbohydr. Chem., 2012, 31,

255–283.
36 Y. Park, K. C. Harper, N. Kuhl, E. E. Kwan, R. Y. Liu and

E. N. Jacobsen, Science, 2017, 355, 162–166.
37 B. A. Garcia, J. L. Poole and D. Y. Gin, J. Am. Chem. Soc., 1997,

119, 7597–7598.
38 W. R. Roush and X. F. Lin, J. Org. Chem., 1991, 56, 5740–5742.
39 W. R. Roush and X.-F. Lin, J. Am. Chem. Soc., 1995, 117, 2236–

2250.
40 G. Grynkiewicz, Carbohydr. Res., 1977, 53, C11–C12.
41 P. J. Garegg, T. Iversen and T. Norberg, Carbohydr. Res., 1979,

73, 313–314.
42 A. B. Smith, K. J. Hale and R. A. Rivero, Tetrahedron Lett.,

1986, 27, 5813–5816.
43 X. Yang and B. Yu, Chemistry, 2013, 19, 8431–8434.
44 T. Kazuya, H. Satoshi and M. Teruaki, Chem. Lett., 1997, 26,

969–970.
45 K. Toshima, H. Nagai and S. Matsumura, Synlett, 1999, 1999,

1420–1422.
46 B. C. Wilcock, M. M. Endo, B. E. Uno and M. D. Burke, J. Am.

Chem. Soc., 2013, 135, 8488–8491.
47 J. M. Nogueira, S. H. Nguyen and C. S. Bennett, Org. Lett.,

2011, 13, 2814–2817.
48 J. R. Romeo, L. McDermott and C. S. Bennett,Org. Lett., 2020,

22, 3649–3654.
49 R. Jeanneret, C. Walz, M. van Meerbeek, S. Coppock and

M. C. Galan, Org. Lett., 2022, 24, 6304–6309.
50 A. J. Mukherjee, S. S. Zade, H. B. Singh and R. B. Sunoj,

Chem. Rev., 2010, 110, 4357–4416.
51 P. Scilabra, G. Terraneo and G. Resnati, Acc. Chem. Res.,

2019, 52, 1313–1324.
52 L. Vogel, P. Wonner and S. M. Huber, Angew. Chem., Int. Ed.,

2019, 58, 1880–1891.
53 J. Y. C. Lim and P. D. Beer, Chem, 2018, 4, 731–783.
54 R. Gleiter, G. Haberhauer, D. B. Werz, F. Rominger and

C. Bleiholder, Chem. Rev., 2018, 118, 2010–2041.
55 X. He, X. Wang, Y.-L. Tse, Z. Ke and Y.-Y. Yeung, Angew.

Chem., Int. Ed., 2018, 57, 12869–12873.
56 H. Guo, J. L. Kirchhoff, C. Strohmann, B. Grabe and

C. C. J. Loh, Angew. Chem., Int. Ed., 2024, 63, e202316667.
57 C. Wang, A. Krupp, C. Strohmann, B. Grabe and C. C. J. Loh,

J. Am. Chem. Soc., 2024, 146, 10608–10620.
58 W. Ma, J.-L. Kirchhoff, C. Strohmann, B. Grabe and

C. C. J. Loh, J. Am. Chem. Soc., 2023, 145, 26611–26622.
© 2026 The Author(s). Published by the Royal Society of Chemistry
59 Q. Zhang, Y.-Y. Chan, M. Zhang, Y.-Y. Yeung and Z. Ke,
Angew. Chem., Int. Ed., 2022, 61, e202208009.

60 M. Iwaoka, H. Komatsu, T. Katsuda and S. Tomoda, J. Am.
Chem. Soc., 2004, 126, 5309–5317.

61 K. Okuno, R. Nishiyori and S. Shirakawa, Tetrahedron Chem,
2023, 6, 100037.

62 X. Li, Y. Liu, W. Wang and Y. Wang, J. Am. Chem. Soc., 2025,
147, 3233–3242.

63 M. Mahanti and M. C. Galan, Trends Chem., 2025, 7, 571–
575.

64 E. Durantie, C. Bucher and R. Gilmour, Chem.–Eur. J., 2012,
18, 8208–8215.

65 C. Bucher and R. Gilmour, Angew. Chem., Int. Ed., 2010, 49,
8724–8728.

66 T. Matsushita, W. Chen, R. Juskeviciene, Y. Teo,
D. Shcherbakov, A. Vasella, E. C. Böttger and D. Crich, J.
Am. Chem. Soc., 2015, 137, 7706–7717.

67 In addition to desired products, an unseparable mixture of
starting material and dimerization products was isolated.

68 M. R. Pratt, C. D. Leigh and C. R. Bertozzi, Org. Lett., 2003, 5,
3185–3188.

69 M. A. Chaube and S. S. Kulkarni, Chem.–Eur. J., 2015, 21,
13544–13548.

70 To achieve this unusual chemoselectivity, homodimer
formation was minimised by using 2 equiv. of R–OH.
Moreover, in most cases unreacted starting material was
recovered alongside with small amounts of homodimer
formation, but none were isolated.

71 M. M. Nielsen, T. Holmstrøm and C. M. Pedersen, Angew.
Chem., Int. Ed., 2022, 61, e202115394.

72 To keep the calculation time manageable, large protecting
groups (BnO−) were replaced with electronically
comparable smaller groups (MeO−). This simplication
yielded robust results; see, for example, ref. 75.

73 The reaction barrier for the formation of the glycosyl a-
triate – an important intermediate in many glycosylation
reactions—proceeds via a higher-energy transition state
compared to the lowest-energy pathway.

74 Glucose donor 2c showed similar behavior, although the
transition-state energy difference was smaller, only 1.3
kcal$mol−1 (see also Fig. S22). This is in agreement with
our experimental ndings shown in Scheme 3, which
indicate a 4 : 1 (a : b) product ratio for this donor.

75 T. Hansen, L. Lebedel, W. A. Remmerswaal, S. van der Vorm,
D. P. A. Wander, M. Somers, H. S. Overklee, D. V. Filippov,
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